Geobiology 



Geobiology (2011), 9, 94-106 



DOl: 10. 1111/j. 1472-4669 .2010.00262.x 



Molybdenum isotope fractionation by cyanobacteria! 
assimilation during nitrate utilization and N2 fixation 

A. L. ZERKLE,' K. SCHEIDERICH,^'* J. A. MARESCA,' L. J. LIERMANN* AND S . L. BRANTLEY* 

^Department of Geology and Earth System Science Interdisciplinary Center^ University of Maryland, College Park, Maryland, USA 
^ Department of Geology, University of Maryland, College Park, Maryland, USA 

^ Department of Civil & Environmental Engineering, Massachusetts Institute of Technology, CMmhridge, Massachusetts, USA 
* Department of Geosciences, Pennsylvania State University, University Park, Pennsylvania, USA 



ABSTRACT 

We measured the 5®^Mo of cells and media from molybdenum (AAo) assimilation experiments with the fresh- 
water cyanobacterium Anabaena variabilis, grown with nitrate as a nitrogen (N) source or fixing atmospheric 
N2. This organism uses a Mo-based nitrate reductase during nitrate utilization and a Mo-based dinitrogenase 
during N2 fixation under culture conditions here. We also demonstrate that it has a high-affinity Mo uptake sys- 
tem (ModABC) similar to other cyanobacteria, including marine N2-fixing strains. Anabaena variabilis preferen- 
tially assimilated light isotopes of Mo in all experiments, resulting in fractionations of -0.2%„ to -1 .0%„ ± 0.2%„ 
between cells and media (Eceiis-media). extending the range of biological Mo fractionations previously reported. 
The fractionations were internally consistent within experiments, but varied with the N source utilized and for dif- 
ferent growth phases sampled. During growth on nitrate, A. variabilis consistently produced fractionations of 
-0.3 ± 0.1 %„ (mean ± standard deviation between experiments). When fixing N2, A. variabilis produced fracti- 
onations of -0.9 ± 0.1%,, during exponential growth, and -0.5 ± 0.1%„ during stationary phase. This pattern is 
inconsistent with a simple kinetic isotope effect associated with Mo transport, because Mo is likely transported 
through the ModABC uptake system under all conditions studied. We present a reaction network model for Mo 
isotope fractionation that demonstrates how Mo transport and storage, coordination changes during enzymatic 
incorporation, and the distribution of Mo inside the cell could all contribute to the total biological fractionations. 
Additionally, we discuss the potential importance of biologically incorporated Mo to organic matter-bound Mo 
in marine sediments. 
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INTRODUCTION 

Molybdenum (Mo) is the most abundant transition metal in 
modern seawater, occurring dominantly as the molybdate 
anion (Mo04^~), at an average oceanic concentration of 
~105 nM (Emerson & Huested, 1991; Morford & Emerson, 
1999). Molybdenum is supplied to the oceans primarily via 
riverine input from oxidative weathering on the continents. 
The dominant sinks for Mo are ferromanganese oxides depos- 
ited in oxygenated waters (accounting for -^35% of modern 
marine Mo removal; Scott et al., 2008), and, most signifi- 
cantly, conversion to particle-reactive thiomolybdates and 
removal by sorption onto organic matter and odier reduced 
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substrates in the presence of sulfide (e.g., McManus et al., 

2006) . 

Molybdenum has seven naturally occurring stable isotopes, 
with measurable mass-dependent variations that occur in nat- 
ural systems (see reviews in Anbar, 2004; Anbar & Rouxel, 

2007) . As a result of the high concentration and long 
residence time of Mo in modern oceans (~800 000 years; 
Collier, 1985; Emerson & Huested, 1991) seawater has 
a uniform isotopic composition of +2.3%^ in 5'^Mo 
((^«^'S^o_pi,/''«/'S^o,,,„dard-l)x 1000) (BarHng et al., 
2001; Siebert et al., 2003). Marine sediments, on the other 
hand, show a wide range of S'^^Mo (e.g., Poulson et al., 2006; 
Siebert et al., 2006) reflecting multiple processes and sources 
(see review in Poulson Brucker et al., 2009). The largest iso- 
tope efl:'ects to date (-3%^) have been measured during 
adsorption of Mo to Mn-03ddes and Fe(oxyhydr)oxides (Sie- 
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bert et al., 2003; Barling & Anbar, 2004; Wasylenlci et 
2006; Goldberg et al., 2009), concentrating isotopically-light 
Mo in ferromanganese sediments deposited in oxic settings 
(e.g., Barling et al., 2001). In contrast, in euxinic basins with 
tree sulfide in the water column. Mo is nearly completely 
removed into the sediments such that no fractionation from 
the seawater value is expressed (Barfing et al., 2001; Arnold 
et al., 2004; Nagler et al., 2005). 

The variation in Mo removal processes and associated isoto- 
pic signatures under different redox settings formed the basis 
of early models of Mo isotopes in ancient black shales as a pale- 
oredox proxy (e.g., Arnold et al., 2004). In this simple model, 
euxinic sediments were assumed to capture the 5'^Mo of 
overlying seawater, reflecting the proportion of the global 
burial of Mo in oxic vs. euxinic sinks. Recent measurements of 
sedimentary Mo isotope values in 'suboxic' environments 
(defined here as having low bottom-water O2, but lacking free 
sulfide in the water column) show S^^Mo values between oxic 
and euxinic settings, complicating this simple interpretation 
(e.g., Poulson Brucker et al., 2009). These low O2 sediments 
have 5'^Mo values that are depleted in ^^Mo from overlying 
seawater by ~0.7-2%„ (Poulson et al., 2006; Siebert et al., 
2006). The dominant controls on the fractionations produced 
in these environments are not well constrained, but could 
reflect Fe-Mn-S systematics (Barling et al., 2001; Siebert et al, 
2003; Reitz et al., 2007; Wasylenlci et al., 2008), transitions 
between oxic and sulfidic Mo species (Tossel, 2005), or inter- 
actions with organic matter (e.g., McManus et al, 2006). 

A significant amount of Mo is associated with organic mat- 
ter in marine systems, both incorporated into cells and sorbed 
to organic particles in the water column (e.g., Tribovillard 
et al., 2004). Biologically, Mo is an essential micronutrient 
for aU three domains of life, serving as a cofactor for enzymes 
involved in carbon, nitrogen, and suUlir metabolisms (Frausto 
da SUva and Williams, 2001). Most significandy. Mo plays a 
prominent role in enzymes involved in the nitrogen cycle (see 
reviews in Zhang & Gladyshev, 2008; Glass et al, 2009), 
acting as metal cofactor for the primary enzyme utilized in 
nitrate assimilation (nitrate reductase) and for one component 
of the dominant nitrogenase enzyme complex utilized in 
nitrogen fixation (dinitrogenase) (Miller & Eady, 1988; 
Howard & Rees, 1996). Dinitrogenases containing Mo have 



been isolated from numerous prokaryotes, including both 
bacteria and archaea, some of which are fungal and plant en- 
dosymbionts (see review in Howard & Rees, 1996). All 
known N2-fixing organisms (diazotrophs) utilize a dinitro- 
genase with an iron-molybdenum (Fe-Mo) cofactor, contain- 
ing 2 moles of Mo per mole of enzyme complex (Howard & 
Rees, 1996). When Mo is scarce, some organisms can produce 
two homologous alternative dinitrogenases, containing either 
an iron-vanadium cofactor or a cofactor containing only Fe 
(Eady, 1996). The alternate enzymes have been found only 
secondarily to the Mo-containing dinitrogenase in a subset of 
organisms, and are significantly less efficient than the primary 
enzyme (Joerger & Bishop, 1988; Miller & Eady, 1988). 
Some diazotrophs, including Anahaena variabilis, can also 
produce a different Fe-Mo-dependent dinitrogenase under 
anoxic conditions (Thiel et al., 1995, 1997; Thiel & Pratte, 
2001). 

Biological fractionations of Mo are not well constrained. 
Previous work has focused on cultures of the N2-fixing soil 
bacterium Azotobacter vinelandii (Liermann et al., 2005; 
Wasylenlci et al., 2007). One group reported fractionations 
during Mo assimilation in cultures of the marine N2-fixing 
cyanobacterium Trichodesmium sp. IMS 101, but these results 
were only published in a conference abstract (Nagler et al., 
2004) and have not been expanded upon since. These studies 
have demonstrated that bacteria can concentrate the light iso- 
topes of Mo during uptake, producing measurable fractiona- 
tions (Table 1). However, Azotobacter vinelandii has two 
unique or rare biochemical strategies for the uptake and stor- 
age of Mo, including the production of Mo-chelating ligands, 
or 'molybdophores', for the scavenging of Mo in terrestrial 
systems (Liermann et al., 2005; Bellenger et al, 2008), and 
the possession of a rare Mo storage protein (MoSto), which 
can store up to ~80 atoms of Mo as a Mo-oxide aggregate 
(Pienlcos & Brill, 1981; Fenslce et al, 2005; Schemberg et al, 
2007, 2008). Azotobacter vinelandii also utilizes a periplasmic 
Mo-binding protein ModA, which is part of the high-affinity 
Mo uptake system ModABC, that shows weak sequence simi- 
larity but similar structure to the periplasmic Mo-binding pro- 
teins of freshwater cyanobacteria (Zahalalc et al., 2004). The 
fractionations produced by Azotobacter vinelandii have been 
linked to molybdophore chelation and/or to binding by this 



Table 1 Compilation of previous studies of biological Mo isotope fractionations (in °„„), along with this study (± analytical or given 2a). Also shown are the N source, 
initial [AAo] (when reported), Mo source (glass or aqueous Mo), growth phase (as reported), and the number of individual analyses reported (not including duplicates) 
(n) 



Organism 


Type 


N source 


[Mo], source 


Growth phase 


8'^Mo fractionation 


n 


Ref. 


Trichodesmium sp. 


Marine cyanobacterium 


N2 


Not given, [Mol^q 


Early, late 


-0.5,-0.1 ± 0.1 


2 


1 


Azotobacter vinelandii 


Soil bacterium 


NH3 


1 .5 ^[M, glass 


Not given 


-0.8 ± 0.4* 


5 


2 


Azotobacter vinelandii 


Soil bacterium 




~1 |.IM, [Molaq 


Not given 


-0.5 ± 0.2* 


11 


3 


Anabaena variabilis 


Fw cyanobacterium 


NO3" 


1 .6 I.1M, [Molaq 


tate exp., stationary 


-0.3,-0.3 ± 0.2 


7 


4 


Anabaena variabilis 


Fw cyanobacterium 


N2 


1 .7 \.m, [Molaq 


Exp., stationary 


-0.9, -0.5 ±0.2 


7 


4 



1 , Nagler ef a/., 2004 (reported only in an abstract from conference proceedings); 2, tiermann et al., 2005; 3, Wasylenki et al., 2007, 4. This study 
•Values converted from S^'^'^Mo to 8*''''^Mo, assuming S^'^'^Mo ~ 2/3 8'^'^^Mo 
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ModA protein (Liermann et al., 2005; Wasylenki et al., 
2007), and therefore could differ significantly from fractiona- 
tions produced in aqueous organisms with different uptake 
strategies. In order to extrapolate biological fractionations to 
aqueous sedimentary systems, it is necessary to fijrther exam- 
ine fractionations associated with Mo assimilation in aqueous 
organisms, particularly in cyanobacteria, which are the domi- 
nant source of fixed N to the modern biosphere (Capone 
et al., 1997; Zehr et al., 2001; Montoya et al., 2004), and 
have likely been fixing N2 since early in geologic time (e.g., 
Kasting & Siefert, 2001; Tomitani et al., 2006). 

In this study, we examined the fractionations associated with 
Mo assimilation during nitrate reduction and N2 fixation in cul- 
tures of the freshwater cyanobacterium Anabaena variabilis 
ATCC 2941 3 . Anabaena variabilisis a filamentous heterocys- 
tous cyanobacterium. Heterocystous cyanobacteria are rela- 
tively rare in the modern oceans; however, several lines of 
evidence point to shared biochemical pathways for Mo uptake 
and utilization in marine and freshwater cyanobacteria. 
Anabaena variabilis utilizes a Fe-Mo dinitrogenase homo- 
logous to that of marine cyanobacteria when grown aerobically 
in the presence of Mo (e.g., Thiel, 1993), and a homologous 
Mo-dependent nitrate reductase during nitrate utilization 
(Zahalak et al., 2004). The nifDICgcnc encoding for the dini- 
trogenase (Fe-Mo) protein of A. variabilis clusters together 
with other cyanobacterial nifDK genes sequenced, including 
the marine N2-fixing cyanobacterium Trichodesmium sp. 
(Dominic et al., 2000). We examined genes for the ModABC 
high-affinity Mo uptake system in A. variabilis, and demon- 
strate that these genes similarly cluster together with those of 
marine N2-fixing cyanobacteria. We then examine fi'actionations 
in Mo isotopes during nitrate reduction and N2 fixation in this 
organism as a first step in quantifying the biological fractiona- 
tions expected to be produced in aqueous sedimentary systems. 

Our results indicate that this organism can produce fractio- 
nations similar to or larger than those of the soil bacterium 
Azotohaeter vinelandii (as large as -1.0%„), particularly when 
fixing N2 under growth conditions when N is the only limit- 
ing nutrient. Furthermore, these fractionations vary both with 
the N source utilized and with the growth phase sampled (for 
N2 fixation), indicating a fractionation mechanism (or mecha- 
nisms) more complex than a simple kinetic effect during 
cellular Mo uptake. We utilize a metabolic model of the Mo 
physiology in a first attempt to elucidate the mechanism(s) 
for and potential limits of Mo isotope fractionation during 
biological assimilation. 

METHODS 

ModABC sequence alignments 

We compared genes for ModA, the periplasmic Mo-binding 
protein of the ModABC transport system, from A. variabilis 
with 53 ModA amino acid sequences that were selected from 



the NCBTnonredundant (NCBl-nr) database, including 13 
cyanobacterial sequences and representative sequences from a 
variety of other bacterial taxonomic groups. Bacterial ModA 
proteins that have been biochemically, genetically, or structur- 
ally characterized were included (see Table SI, Supporting 
information). Some archaeal ModA proteins have been char- 
acterized; these sequences were excluded from the tree 
because they could not be aligned reliably with the bacterial 
sequences. The sequences were aligned with clustalw and 
the alignment was manually adjusted. A neighbor-joining 
phylogenetic tree (Saitou & Nei, 1987) was calculated in 
MEGA (Tainura et al., 2007) using the Dayhoft' model for 
amino acid substitution (Schwarz & Dayhoff, 1979), and 500 
bootstrap replicates. The predicted amino acid sequence from 
the A. variabilis fiised modBC gene (encoding the other two 
components of the ModABC transport system) was used in a 
BLASTP search (Altschul et al, 1990) against the NCBl-nr 
database and the lengths of the alignments were plotted along 
the A. variabilisModBC sequence. 

Experimental methods 

Anabaena variabilis str. ATCC 29413 was grown in a modi- 
fied version of medium 819, containing the following compo- 
nents per liter of MilU Q H2O: 0.04 g K2HPO4, 0.075 g 
MgS04-7H20, 0.036 g CaCl2-2H20, 0.02 g Na2C03, 6 mg 
citric acid, 1 mg EDTA, and 1 mL of Trace Metal Mix A5 
[with 2.86 g H3BO3, 1.81 g MnCl2-4H20, 0.222 g 
ZnS04-7H20, 0.079 g CuS04-5H20, and 49 mg Co(N- 
0)-H20 per liter of MiUi Q H2O]. We additionally included 
10% fructose as a carbon source to stimulate growth and N2 
fixation (Haury & Spiller, 1981). Separate solutions 
of Na2Mo04-2H20 and Fe-citrate were added to final [Mo] 
of 1.6 ± 0.1 |iM and [Fe] of --^20 \iM, measured by inductively 
coupled plasma mass spectrometry (ICP-MS) (Mo & Fe) and 
isotope dilution (Mo), as described below. Anabaena variabi- 
lis strains in which modBC had been inactivated transported 
Mo at 10 |.iM but did not transport Mo at 1 |im (Zahalak et al., 
2004), suggesting that the ModABC transport system is uti- 
lized in all of the Mo conditions studied here. 

For nitrate utilization experiments, NaNOs was added to 
an excess nitrate concentration of ~18 mM. Cultures were 
prepared using standard aseptic techniques, in acid-washed 
polycarbonate vessels, and grown in a shaking light box under 
atmosphere with constant light (~70 |iE m~^ s~^) and opti- 
mal pH (7.1) and temperature (33 °C) (e.g., Zahalak et al., 
2004). Stock cultures of nitrate-utilizing and N2-fixing cul- 
tures were maintained separately to ensure consistency of 
nitrogen source. Growth was tracked by optical density mea- 
surements at 600 nm and calibrated to counts of individual 
cells within filaments using a standard DAPl (4',6-diamidino- 
2-phenylindole) staining. Robust growth curves for the 
organism grown under the conditions of this study were 
established from growth of over 40 individual cultures prior 
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to experiments. Parallel cultures were analyzed for nitrogenase 
activity in triplicate, using the standard acetylene-ethylene 
technique (Dilworth, 1967; SchoUhorn & Burris, 1967). 
Experiments were started by inoculating 2-5% of cells from 
stationary phase, resulting in a negligible transfer of biomass 
Mo to the start of the experiment. Four sets of experiments 
were run in 200-300 mL batches in triplicate with blanks 
containing medium only. 

Experiments were processed on a time series after 5 and 
6 days (with nitrate) or 6 and 9 days (fixing N2). Select N2 fix- 
ation experiments were additionally split for C:N and 5^^N 
ratios, analyzed using a Costech/Thermo-Finnigan Delta Plus 
XP coupled elemental analyzer, continuous flow, isotope ratio 
mass spectrometer (EA-CF-IRMS), as described in a compan- 
ion study (Zerkle et 2008). Controls were processed in a 
manner identical to experiments. Cells were first concentrated 
via centrifiigation, rinsed several times with Milli Q water and 
1 mM EDTA to remove weakly sorbed metals, transferred to 
Teflon Savillex vials, and digested in ultrapure HNO3 and 
HF. Cells viewed under light microscopy afl:er centrifiigation 
and rinsing showed no signs of significant lysis. Media were fil- 
tered through a pre-sterilized filtration apparatus and acidified 
with ultrapure HNO3 and HF. Media and digested cell pellets 
were initially screened for Mo concentrations by ICP-MS at 
the Materials Characterization Laboratory at The Pennsylva- 
nia State University (estimated uncertainties were ±5% for 
media and ±10% for cell pellets). Experimental blanks that 
were treated identically yielded Mo below analytical detection 
(<0.2 )ig). Final total Mo concentrations for processed media 
and cells were calculated from isotope dilutions (as described 
below) with an estimated uncertainty of <1%. 

Isotope analyses 

Samples were processed and analyzed for Mo isotopes at 
the University of Maryland, following methods outlined in 
Scheiderich et al. (2010). Select media samples were split and 
processed separately to ensure internal consistency of method- 
ology. Samples were acidified with concentrated, quartz-dis- 
tilled HNO3 and weighed in open Teflon Savillex beakers 
using an evaporation-correction technique. An appropriate 
quantity of '^Mo-^'^'Mo double spike was added (based on 
screened concentrations) and weighed by evaporation correc- 
tion. The samples were then closed and heated on a 90 °C hot 
plate for ~6 h to equilibrate the sample and spike Mo. The 
resulting solution was dried down with concentrated quartz- 
distilled HCl and ultra-pure HCIO4 and re-dissolved in 6 m 
HCl in preparation for ion-exchange chromatography. 

A three-column chromatographic separation was used to 
purify samples. The first and last columns were anion separa- 
tions using AG 1x8 resin, and an elution sequence modified 
from Pietruszka et al. (2006). Briefly, the sample was loaded 
in 6 M HCl, rinsed with 6 m HCl, then 0.01 m HCl/0.1 m 
HF, and finally Mo was eluted with 1 m HCl. The second 



column was a cation-exchange separation, using AG 50Wx8, 
with the sample loaded and eluted in 1 .4 m HCl, as described 
in Scheiderich et al. (2010). Just prior to analysis, the sepa- 
rated Mo was dissolved in an appropriate amount of 2% ultra- 
pure nitric acid and refluxed. Digestion and column blanks 
were assessed by passing a known amount of '^Mo spike 
through the digestion and column separation chemistry, and 
were typically less than 3 ng, based on repeat analyses. 

Isotopic measurements were made in static mode using a 
Nu Instruments (Wrexham, North Wales, UK) multi-collec- 
tor ICP-MS, using either an Apex IR (Elemental Scientific 
Inc., Omaha, NE, USA) nebulizer with an uptake rate of 
~50 |iL min~^, or a Scott Double Pass Peltier cooled spray 
chamber with an uptake rate of ~I mL min~^. A gain calibra- 
tion was run each day that measurements were made. After a 
minimum of 2 h warm-up time, the instrument was tuned to 
at least 2 V on ^^Mo for all measurements. A single measure- 
ment consisted of 60 ratios, with a zero cycle at half-mass after 
every block of 15 ratios. Zirconium and Ru, which overlap the 
Mo mass spectrum, were monitored on one isotope each (90 
and 99, respectively) to ensure that no direct interferences 
were occurring from these elements. Instrument performance 
was monitored on a daily basis by repeatedly measuring an in- 
house Johnson-Matthey Company (London, England) Spec- 
Pure® Mo plasma standard (Stock #35758, Lot #0I3186S), 
and calculating an internal fractionation factor for ^**'''^Mo. 
The fractionation factor was then used to calculate internal 
fractionation-corrected ratios for '^^^^Mo, '^^^^Mo, and 
ioo/9Sj^Q Xhese ratios were then compared, by means of an 
epsilon calculation, to the 'accepted value' for the given ratio. 
No sample measurements were made until the epsilon value 
was within ±1 epsilon unit of the accepted value. 

Raw isotope ratios were deconvoluted using a modified ver- 
sion of the Siebert et al. (2001) method. Delta values were 
calculated by comparing the deconvoluted sample '**^'^Mo 
ratio to the ^*''''^Mo ratio for an in-house Johnson-Matthey 
Company SpecPure® Mo plasma standard, using the standard 
delta notation: 5''**Mo = ((^^'■"'^Mo sample/''**-"'^Mo stan- 
dard)-I) x 1000. A fractionation-corrected '**'''^Mo ratio 
for the standard was determined by measuring double-spiked 
aliquots and reducing the raw ratios. This procedure provides 
an additional check on long-term instrument performance 
with respect to Mo isotopes, through comparison of 5'^Mo 
values for the Mo standard. The SpecPure® Mo plasma stan- 
dard is frequently used in the literature as the standard refer- 
ence to calculate a delta value for seawater (-1-2. 3%o, Siebert 
et al., 2003). Long-term external reproducibility of 5^**Mo 
measurements is based on replicate processing and multiple 
analyses of two sediment reference materials SDO-I and New 
Albany Shale, which have S'^^Mo = -hO.88 ±0.19%„, 2a, 
n = 54, and -I-0.3I ±0.20%„, 2a, n = 27, respectively. SDO-1 
has been measured by other workers (Barling et al., 2001; 
Wasylenki et al., 2008; Poulson Brucker et al., 2009) and our 
data compare favorably. Any small differences are likely 
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because of the use of variations in isotopic composition of 
batclies of SpecPure® Mo. Internal precision of ratio measure- 
ments is better than ±0.01% (2a). 

RESULTS 

The ModA amino acid sequence (encoding for the periplas- 
mic Mo-binding protein of the ModABC transport system) 
from A. variabilis was aligned with ModA sequences from a 
variety of microbial species and used to calculate a distance- 
based phylogenetic tree (Fig. 1). Bootstrap values greater 
than 70% are shown next to the branches. The A. variabilis 



ModA (red) groups with very high bootstrap support with 
other ModA sequences from the Nostocales, a sub-group 
within the cyanobacterial ModA clade. The other biochemi- 
cally characterized ModA sequences, including Azotobacter 
vinelandii (blue lines), clearly group separately from 
the cyanobacterial sequences, including modern marine 
N2-fixing cyanobacteria (e.g., Trichodcsmium erythraeum 
IMSlOl). 

The other components of the Mo uptake system include 
Mod B, the transmembrane component, and ModC, which 
provides energy on the cytoplasmic side of the membrane. 
The modBC gene from A. variabilis is a fusion; in most 



Synechocystis sp. PCC 6803, SII0738 

- Acaryochloris marina str. 11017, AM1_0773 

— Synechococcus sp. JA-2-3B'a(2-13), CYB_0399 
Nostoc punctiforme sp. 73102, plasmid, Npun_AR132 

74 

■ Microcystis aeruginosa NIES 843, MAE_55450 

I — Nostoc punctiforme sp. 73102, chrom., Npun_F2436 
• OOU — 'Nostoc azollae" 0708, Aazo_0367 

QOjrNostoc punctiforme sp. PCC 7120, alr5178 
100^ Anabaena variabilis sp. 29413, Ava_2424 

Cyanothece sp. PCC 7424, PCC7424_4992 

_| Cyanothece sp. ATCC 51142, cce_0847 

791 Cyanobacterium UCYN-A, UCYN_00820 

Trichodesmium erythraeum IMS101, Tery_4147 

Clostridium botulinum B1 strain Okra, CLD 3068 



■ Geobacillus sp. Y412MC10, GYMC10_3469 

■ Geobacillus kaustophilus HTA426, GK_2704 
— Bacillus subtllis subsp. subtilis, BSU_33390 
Bacillus cereus str. AH187, BCAH187_A0245 

99 1 Staphylococcus aureus subsp. aureus ST398, SAPIG2330 

Staphylococcus carnosus subsp. carnosus TM300, SCA_1768 

Pseudomonas aeruginosa PA07, PSPA7_3427 
Polaromonas naphthalenivorans CJ2, Pnap_2G37 
■Azotobacter vinelandii, ModA 
Rhodobacter capsulatus, ModA 



Rhodopseudomonas palustris, RPD_0963 
Caulobacter crescentus NA1000, CCNA_00331 
Thiomonas intermedia K1 2, Tint_G207 

Candidatus "Koribacter versatilis", Acid345_1674 
Hydrogenobacter thermophilus TK-6, HTH_1320 

Persephonella manna EX_H1, PERMA_1918 

Thauera sp. MZ1T, Tmz1t_0536 
Aquifex aeolicus VF-5, aq_1609 
Arcobacter nitrofigilis DSM_7299, Arnit_0044 

Campylobacter jejuni subsp. jejuni NCTC 1 11 68, Cj_0303c 




Helicobacter pylori, HPP12_0483 



- Pirellula staleyi, Psta_4517 



Blastopirellula marina DSM3645, DSM3645_25959 

Bradyrhizobium japonicum, ModA 

Xanthomonas axonopodis pv citri str. 306, XAC_3358 

_93r Shewaneffa oneidensis MR-1, SO_3863 
'-Shewanella baltica OS195, Sbal195 0830 



qq' 



Haemophilus Influenzae strain 10810, HIB_18700 
Rhodospirillum rubrum ATCC 1 1 170, RruA_0704 
Escherichia coll K12 str. MG1655, ModA 
Pantoea ananatis LMG 20103, PANA_1207 
Cupriavidis taiwanensis LMG19424, RALA_0633 
I Streptomyces coelicolor A3(2), SCO_3704 
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— Arihrobacter nicotinivorans, ModA 

Mycobacterium tuberculosis KZN1435, TBMG_02137 

- Kineococcus radiotolerans SRS302^6, Krad 4177 



- Chlorobaculum tepidum strain TLS, CT_1 544 



-Chlorobium ferrooxidans, CferDRAFT 1916 



-Escherichia coll K12 str. MG1655, SBP 



Fig. 1 Neighbor-joining tree of ModA proteins. Anabaena variabilis ModA is in red; sequences that have been shown to be Mo-binding proteins are in blue. Fifty- 
three protein sequences were aligned; bootstrap values (percent of 500 replicates) greater than 70% are shown. The ModA from A. variabilis clearly groups with 
other cyanobacterial proteins. 
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microbes, modB and modC are separate genes. The predicted 
amino acid sequence of ModBC in A. variabilis was used as 
ttie query in a blastp searcli against tlie NCBI-nr database. 
Tlie only species that had open reading fraines that aligned 
with the full-length ModBC protein were either cyanobacteri- 
al or algal (Fig. SI, Supporting information). Some cyanobac- 
terial genomes encode genes whose predicted products only 
align partially with the A. variabilis ModBC sequence. How- 
ever, most of these genomes also encode a fiill-length ortho- 
log of ModBC, and the shorter homolog is annotated as a 
sulfate transporter. Several Firmicutes have orthologs of 
ModB and ModC, but it is clear that the A. variabilis ModSC 
sequence aligns with two different open reading frames in all 
of these species (Fig. SI, Supporting information). 

Growth curves and N2 fixation rates for A. variabilis are 
shown in Fig. 2. Note that N2-fixing organisms never reach a 
true 'exponential' growth phase, presumably because growth 
was limited by the ditfiision of N2 into the cells (e.g., Allen & 
Arnon, 1955), but do exhibit log-linear growth. We refer to 
this growth phase as 'exponential' here in keeping with stan- 
dard terminology. The cultures then enter a stationary phase. 



A Growth curves 




Days 



B No fixation rates 




Days 



Fig. 2 Composite growth curves (A) and N2 fixation rates (B) for Anabaena 
variabilis. The experiments reported here were processed and analyzed for iso- 
topes at times indicated by arrows on the plot. 



where growth and metabolic activities continue, but very 
slowly. In these experiments stationary phase occurred when 
the culture was liinited by organic carbon. Identical batch 
experiments conducted under autotrophic growth conditions 
continued in accelerated growth for at least 10 days when 
CO2 was continuously added. Nitrogen fixation rates varied 
from 0.4 to 0.06 nmoles N2 per cell per minute. N2 fixation 
continued during early stationary phase, albeit at lower rates 
(Fig. 2B). No ethylene production was measured in cultures 
grown with nitrate. 

Biomass C:N ratios in N2-fixing organisms were measured 
to equal 5.2-6.4, with 5^^N values of -1.3 to -2.0%^ relative 
to atmospheric N2. We calculated higher cellular Mo levels in 
N2-fixing cultures (from 0.4 to 1.5 fgMo per cell) than in cul- 
tures grown with nitrate (from 0.1 to 0.6 fg Mo per cell) 
based on measured Mo concentrations in digested cell pellets 
and cell counts. These cellular Mo levels are similar to Mo lev- 
els measured in marine N2-fixers (Tuit et al., 2004); however, 
we estimate large errors for these quantities based on the 
uncertainty associated with cell counts. 

The measured Mo concentration of the starting media was 
1.6 ± 0.1 |iM. Total masses of Mo processed for isotope analy- 
ses of media and cells, in |j.g, are listed in Table 2. These quan- 
tities differ between experiments because different volumes of 
sample were processed (some samples were split for parallel 
analyses) but all samples analyzed satisfied mass balance (initial 
media Mo = final media Mo -1- cellular Mo). 

Measurements of 5'**Mo for media and cell pellets are also 
listed in Table 2. We calculated the value of oi(.eUs_jncdia) the 
fractionation factor between media and cells, by solving a 
derived Rayleigh fractionation equation: 



In 



'^cclls— media 



-FceUs X -RceUs + (1 ~ -Fcells) X -Rmedi.v 
ln(I - iVdls) 



(1) 



Here i\-eiis is the fraction of total Mo in the cells at sampling 
(= cellular Mo/(cellular Mo -i- final media Mo)), and ii, is the 
measured isotope ratio in the media or cells as indicated by 
subscript i, '^^'^^^Mo^^^piy^^^'^^Mo^^^,^^^^^. We report iso- 
tope fractionations between cells and media as s values, 
defined by: 

Scdis-media = (o<cdls-media ~ 1) X 1000 (2) 

This quantity is comparable to the AMo (~ 5'*Mon,edia~ 
5'^MOj-eiis) used in previous studies (e.g., Wasylenki et al., 
2007). 

The results show that cells preferentially accumulated the 
lighter isotopes of Mo, resulting in shells-media values of -0.2 to 
-1.0%„ (Table 2). The fractionations were internally consis- 
tent within experiments, but varied between experiments with 
N source utilized and during growth phases for N2 fixation. 
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Table 2 Experimental results. Values of 5^^Mo, a, and r. are calculated with equations listed in the text, and given in Media samples split, processed, and analyzed 
separately differed by less than long-term analytical reproducibility (<0.2"„„) 



Expt 


Kl cn 1 rr^^A 


Expt Duration 
(days) 




MOcells 


1^ cells 


0 /VlOmedia 


0 ;V(Ocells 


'^cells-media 


^cells-media 


Blank 


Nitrate 




12.6 


<0.2 




0.14 








Blank 






15 7 


<0 2 




014 Oil 








1A 


Nitrate 


5 


23.8 


2.0 


0.08 


0.13,0.13 


-0.29 


0.99960 


-0.40 


IB 


Nitrate 


5 


29.4 


1.8 


0.06 


0.17,0.15 


-0.19 


0.99966 


-0.34 


1C 


Nitrate 


5 


36.3 


0.5 


0.01 


0.07,0.12 


-0.11 


0.99981 


-0.19 


Mean ± standard deviation 
















0.99969 


-0.3 ± 0.- 


2A 


Nitrate 


6 


18.7 


4.1 


0.18 


0.19 


-0.20 


0.99965 


-0.35 


2B 


Nitrate 


6 


12.7 


3.1 


0.20 


0.15,0.25 


-0.17 


0.99967 


-0.33 


2C 


Nitrate 


6 


20.2 


2.4 


0.11 


0.07 


-0.10 


0.99984 


-0.16 


Mean ± standard deviation 
















0.99972 


-0.3 ± 0.' 


3A 


Na 


6 


40.9 


4.9 


0.11 


0.47,0.38 


-0.57 


0.99906 


-0.94 


3B 


N2 


6 


36.8 


1.5 


0.04 


0.29,0.21 


-0.54 


0.99923 


-0.77 


3C 


N2 


6 


27.1 


4.8 


0.15 


0.37, 0.45 


-0.66 


0.99901 


-0.99 


Mean ± standard deviation 
















0.99910 


-0.9 ± 0.- 


4A 


N2 


9 


26.0 


7.0 


0.21 


0.26, 0.39 


-0.32 


0.99943 


-0.57 


4B 


N2 


9 


25.2 


4.8 


0.16 


0.25,0.27 


-0.25 


0.99941 


-0.59 


4C 


N2 


9 


18.9 


7.8 


0.29 


0.30 


-0.12 


0.99965 


-0.35 



Mean ± standard deviation 0.99949 -0.5 ± 0.1 



When utilizing nitrate as an N source, fractionations of 
-0.3 ± 0.1%(, (mean ± standard deviation between experi- 
ments) were consistently observed. During N2 fixation, fracti- 
onations of -0.9 ± 0.1%o were observed during exponential 
growth, while fractionations of -0.5 ± 0.1%„ were observed 
during stationary phase. A similar growth dependence for 
fractionation was also reported for an N2-fixing marine cyano- 
bacterium (Nagler et al., 2004). 

DISCUSSION 

The -0.2 to -1.0%„ fractionations produced in experiments 
with A. variabilis extend the magnitude of biological Mo 
fractionations previously reported for a soil bacterium (Lier- 
mann et al., 2005; Wasylenki et at., 2007) and a marine cya- 
nobacterium (Nagler et at., 2004) (Table 1). Although the 
data is very limited, these fractionations also vary between the 
nitrogen metabolisms tested and with growth phase during 
N2 fixation. 

Previous workers have attributed biological Mo isotope 
fractionations to (i) coordination changes during uptake with 
a chelating ligand; (ii) sorption of Mo to the cell surface; or 
(iii) a simple kinetic isotope effect associated with irreversible 
Mo transport (Liermann et al., 2005; Wasylenki et al., 2007). 
The strain of A. variabilis examined here is not known to pro- 
duce any metal-scavenging ligands, though a similar strain 
(PCC 7937) can produce a high-affinity siderophore for Fe 
scavenging under Fe-depleted conditions (Kerry et al., 1988). 
Furthermore, all experiments in this study were conducted 
under Fe- and Mo-replete conditions, when no ligand pro- 



duction would be expected to occur. We therefore consider 
coordmation changes during uptake with a secreted chelating 
ligand an unlikely source of the fractionations. 

We rinsed the cells with EDTA to remove weakly 
sorbed metals, but it is nonetheless possible that signifi- 
cant amounts of Mo could have sorbed to Fe- and/or 
Mn-oxides precipitates if they were present on cell walls 
(Tovar-Sanchez et al., 2003). However, the fractionations 
are inversely correlated with culture density (Fig. 2; 
Table 2), which is inconsistent with an adsorption mecha- 
nism for fractionation. Finally, a single kinetic isotope 
effect associated with Mo transport would not differ 
between nitrogen metaboUsms, because the high-afUnity 
Mo transporter ModABC is utilized during all conditions 
tested here, including both nitrate reduction and N2 fixa- 
tion (Zahalak et al., 2004). Instead, the pattern in 5'^Mo 
fractionations we observe suggests a more complex mecha- 
nism or mechanisms for fractionation. This mechanism has 
to explain the differences in fractionations produced with 
different N sources and with progressive growth during 
N2 fixation. 

To explore the possible mechanism(s) for Mo isotope frac- 
tionation we constructed a reaction network model of the 
cyanobacterial Mo metabolism based on the biochemical 
pathways for Mo utilization during nitrate reduction and N2 
fixation. This is a common approach that has been used to 
examine biological fractionations in many different isotope 
systems, including carbon, nitrogen, and sulfiir (e.g., Harri- 
son & Thode, 1958; Rees, 1973; Cypionka et al., 1998; 
Bmnner & Bernasconi, 2005; Johnston et al, 2005; Canfield 



© 2010 Blaclcwell Publishing Ltd 



Mo isotope fractionation by cyanobacteria using nitrate and N2 101 



et al, 2006; Farquhar et al., 2007) and has been reviewed in 
detail in several recent studies (Comstock, 2001; Hayes, 
2001; Fry, 2003). 

The biochemical pathways for Mo uptake, storage, and 
enzymatic incorporation can be represented by the following 
simple reaction network: 

1 3 5 

Mo„t ^(MOint ^ MOstored ^ Mo^nz) (3) 

2 4 

where the parentheses represent the cell wall, Mo^xt is the 
external (media) molybdate pool, Moi^t is the internal molyb- 
date pool, Mostorcd is the pool of Mo bound to storage pro- 
teins (e.g., Mo04^~ bound to Mop proteins in freshwater and 
coastal cyanobacteria; Thiel et al., 2002; Glass et al., 2010), 
and Mo^nz is the pool of Mo bound to enzymes (nitrate reduc- 
tase or dinitrogenase in this case). Each numbered arrow rep- 
resents the flow of Mo from one pool to another, and 
fractionation of isotopes between the two pools can occur 
along each of the pathways (with a fractionation factor, a). In 
this model, pathway 1 represents transport of Mo into the cell, 
pathway 2 represents the loss of Mo from the cell, pathway 3 
represents binding of Mo to storage proteins, pathway 4 rep- 
resents release of Mo from storage proteins, and pathway 5 
represents incorporation of Mo into enzymes. In this model 
we assume a steady-state, whereby the isotope values of Mo 
inside the cell are set by the relative proportions of Mo uptake, 
loss from the cell, storage, and incorporation into enzymes. 
The Mo isotope values for stored Mo and enzymatically- 
incorporated Mo can be calculated with a series of mass bal- 
ance equations, as presented in the Supporting information. 

The fractionations associated with each of these pathways 
have not been directly measured. However, we can make 
some estimates based on theoretical models of isotope effects 
produced during coordination changes in Mo species. Tossel 
(2005) used quantum mechanical calculations to estimate iso- 
tope fractionation equilibrium constants for a number of Mo 
compounds, suggesting fractionation factors of 0.9979- 
0.9985 between tetrahedrally- bound Mo in Mo04^~ to octa- 
hedraUy-bound Mo in Mo(OH)g. We used the mean from 
these calculations to approximate a fractionation factor of 
a5 = 0.9982 for the coordination change associated with 
binding of Mo from tetrahedrally-coordinated molybdate into 
the nitrate reductase and dinitrogenase enzymes, where it is 
bound in octahedral coordination (Burgess & Lowe, 1996; 
Hille, 1996; Moura et al, 2004). Both ModA (the periplas- 
mic Mo-binding protein) and Mop (the Mo-binding storage 
protein found in some coastal and freshwater cyanobacteria) 
bind Mo as molybdate, without a change in coordination 
(Wagner et al, 2000; Thiel et al, 2002; Schiittelkopf et al, 
2003; Zahalak et al, 2004; Masters et al, 2005). We there- 
fore initially assumed no fractionation during Mo transport 
into and out of the cell or during storage and release of molyb- 
date (oil, '^2i o<37 o<4 = !)■ We tested the impact of including 
fractionations during Mo uptake and storage, as discussed 



below. Model parameters and assumptions are listed in the 
Supporting information. 

The results of the model are illustrated in Fig. 3, plotted as 
Scciis-mcdia VS. the ptoportion of the stored Mo pool that is 
incorporated into enzymes (/Jnz, numerically representing the 
relative mass flow of Mo along pathway 5 compared to mass 
flow of Mo along pathway 5 + pathway 4; see Supporting 
information). The contours on the plots represent the distri- 
bution of the measured cellular Mo between enzymes and 
storage proteins, such that at the 100% contour all of the cel- 
lular Mo is in enzymes, and at the 0% contour all of the cellular 
Mo is in storage proteins. This figure demonstrates how trans- 
port and storage, enzymatic incorporation, and the intracellu- 
lar distribution of Mo could all contribute to biological 



A 2.0 




0 0.2 0.4 0.6 0.8 1.0 



B 2.0 




0 0.2 0.4 0.6 0.8 1.0 

^nz 

Fig. 3 Values calculated with a reaction network model for Cceiis-media versus 
/enz, as defined in the text (see text and Supporting information for derivation of 
model and model parameters). The contours represent the proportion of total 
cellular Mo (the quantity analyzed) that was enzyme-bound (assuming total 
cellular Mo = enzyme-bound Mo + Mo present in storage proteins). (A) Illus- 
trates a model with no fractionation during Mo transport, (B) is a model includ- 
ing a 0.5%„ fractionation during Mo transport (see text and Supporting 
information). 
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fractionations. The fractionation factor associated with Mo 
uptake, «!, sets the upper limit for 100% incorporation of 
stored Mo into enzymes (set to 1 in Fig. 3A and at 0.9995 in 
Fig. 3B). Tliis is because if the stored Mo pool is quantita- 
tively incorporated into enzymes, then no isotopic fraction- 
ation is expressed from the enzymatic incorporation step. As 
smaller proportions of the stored Mo pool are enzymatically 
incorporated (fcn^), expression of the fractionation associated 
with the incorporation step increases, and as a consequence 
the cumulative fractionation is larger. The fractionation factor 
associated with storage of Mo, ots, has a similar effect on the 
model as oti, and in the absence of a fractionation during 
uptake will define the upper bound for = 1 . If fractiona- 
tions are assigned for both uptake and storage, the predicted 
cumulative fractionations are much larger (resulting in cellular 
5'*Mo values down to -2.8%;, for cxi and 0(3 values set to 
0.9995; not shown). 

This model could explain the difference in fi-actionations 
between nitrate-utilizing and N2-fixing experiments, as well 
as the change in fractionations with growth stage during N2 
fixation. In this scenario, larger fractionations would be gen- 
erated during N2 fixation than during nitrate utilization 
because a smaller proportion of the stored Mo would be 
incorporated into enzymes during N2 fixation than during 
nitrate utilization. Likewise, more of the stored Mo pool 
would be incorporated into enzymes during stationary phase 
than during exponential growth when fixing N2. This result 
may seem counter-intuitive; however, at steady state ^enz is 
independent of the size of the stored Mo pool, and therefore 
these results could simply indicate an increase in the storage 
of Mo during N2 fixation and during exponential growth. 
This result is consistent with a higher cellular Mo content in 
A. variabilis during N2 fixation, and with high levels of Mo 
storage during N2 fixation estimated for another freshwater 
heterocystous cyanobacterium, Nostoc sp. PCC 7120 (Glass 
et a/., 2010). 

This exercise demonstrates how a metabolic model can be 
utilized to constrain fractionation processes and examine the 
flow of Mo through bacterial metabolisms. However, signifi- 
cant questions remain about the fractionations associated with 
Mo transport and storage in this and other organisms. For 
example, Azotobacter vinelandii utilizes a ModA periplasmic 
Mo-binding protein that is less similar to the Mo-binding pro- 
teins of freshwater and marine cyanobacteria (Zahalak et al, 
2004; Fig. I). This organism also has a rare Mo storage sys- 
tem (MoSto), which stores Mo as Mo-oxide aggregates (Pien- 
kos & Brill, I98I; Fenske et al., 2005; Schemberg et al, 
2007, 2008), rather than as molybdate in the Mop system 
(Wagner et al, 2000; Schiittelkopf et al., 2003; Masters 
et at., 2005). Changes in fractionations associated with uptake 
and storage by these different systems could account for the 
differences in fractionations between A. variabilis and Azoto- 
bacter vinelandii (Table I). Additional measurements of 
fractionations produced during Mo uptake in other organisms 



(e.g., marine cyanobacteria) and under variable environmental 
conditions (e.g., at lowered Mo concentrations) will test this 
model and inform future models, as will a more detailed 
understanding of the biochemistry of Mo uptake and storage 
in cyanobacteria. 

GEOBIOLOGICAL SIGNIFICANCE 

We have demonstrated that cyanobacterial assimilation of Mo 
can produce large fractionations in 5^^Mo (Scdis-mcdia as large 
as -I%o), particularly during growth when nitrogen is the only 
limiting nutrient (such as could occur during bloom events in 
natural systems). These fractionations are comparable to those 
produced by other sedimentary processes, and could produce 
§^**Mo values that overlap with those of Mo in sedimentary 
organic matter deposited in anoxic settings (Fig. 4). Marine 
N2-fixing cyanobacteria utilize proteins homologous to the 
freshwater organism tested here for Mo uptake (Fig. I) and 
N2 fixation (Dominic et at., 2000), though Mo storage pro- 
teins such as Mop have not been found in marine cyanobacte- 
ria (see review in Glass et al, 2010). Unless the primary 
fractionation is associated with storage and release of Mo from 
the Mop protein (which is unlikely to be the case because it 
binds Mo as molybdate, see Discussion above), these organ- 
isms should be able to produce fractionations of a similar mag- 
nitude. If this is the case, then N2-fixing cyanobacteria could 
provide an important source of isotopically-light Mo bound 
to organic matter in sedimentary environments, particularly in 
anoxic (non-sulfidic) settings. The spatial distribution of 
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Fig. 4 The S'^Mo values measured in some natural samples (from Barling 
et al., 2001; Siebert et al., 2003; Arnold et a/., 2004; Barling & Anbar, 2004; 
Nagler ef al. , 2005; Poulson et al. , 2006; Siebert et al. , 2006; Archer & Vance, 
2008; Nakagawa et al., 2008; Wasylenki et al., 2008; Goldberg et al., 2009; 
Gordon eta/., 2009; this study). Values from this study include cellular Mo 
measured in cyanobacteria utilizing nitrate (NOsT and fixing N2 (N fix). Anoxic 
and Eux (euxinic) values are from modern sediments deposited under anoxic 
conditions, either with sulfide confined to porewaters (anoxic) or with free 
sulfide in the water column (euxinic). Experimental results (for Mo sorbed to 
Mn- and Fe-oxides and for cellular Mo from this study) were normalized to 
modern seawater values to reflect the range in 8'^Mo that might be expected 
in natural systems. 
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marine N2 fixation is tiglitly coupled to anoxic regions of N 
loss via nitrification and anaerobic oxidation of ammonia 
(anammox) (Deutsch et al., 2007). Nitrogen fixation in the 
modern oceans appears to be enhanced in surface waters 
above oxygen minimum zones, such as above the eastern trop- 
ical north Pacific and in the Arabian Sea (Brandes et al., 1998; 
Deutsch et al., 2007). The smaller fractionations associated 
with nitrate uptake and very slow growth (i.e., stationary 
phase) during N2 fixation might then be more common in 
open-ocean environments, where organisms are frequently 
faced with starvation conditions and enter intermittent peri- 
ods of no growth or very slow growth. 

Molybdenum associated with N2-fixing cyanobacteria 
could have provided a source of Mo-depleted Mo in ancient 
sedimentary organic matter as well. Cyanobacteria likely 
developed a biochemical mechanism for Mo utilization and 
N2 fixation similar to that of modern organisms very early in 
Earth history (Glass et al., 2009). Dinitrogenase is found in 
diverse micro-organisms distributed across both prokaryotic 
domains (Young, 1992; Zehr et al., 2000; Zehr & Turner, 
2001), and shows a high degree of conservation of structure, 
fimction, and amino acid sequence (Dean & Jacobson, 1992), 
indicating an ancient origin (Raymond et al, 2004). Some 
researchers have suggested that the alternative dinitrogenases 
preceded the Mo-containing enzyme in ancient Mo-depleted 
oceans (Anbar & Knoll, 2002; Raymond et al., 2004; Glass 
et al., 2009). Experimental investigations of Mo requirements 
during N2 fixation indicate that nitrogen fixation rates in 
organisms utilizing the Fe-Mo dinitrogenase are only hin- 
dered at Mo concentrations lower than about 5% of modern 
marine concentrations (Zerkle et al, 2006; Glass et al., 
2010). Recent studies of Mo in black shales indicates that the 
marine Mo reservoir could have been as large as 10-20% of 
that of the modern ocean, making Mo-dependent nitrogen 
fixation a feasible process as early as 2.2 Ga (Scott et al., 

2008) . Alternatively, the Mo dinitrogenase could have 
evolved in association with enhanced delivery of Mo to the 
oceans during transient oxygenation events as early as 
~2.5 Ga(e.g.,Anbarrta/.,2007). 

Certainly the biochemistry' of N2 fixation and Mo utiliza- 
tion would have been well-established by ~551 million years 
ago, when atmospheric O2 was near modern levels and Mo 
concentrations in the oceans were likely similar to that of 
today (Scott et al., 2008). Studies of carbon and nitrogen iso- 
topes of organic matter and biomarkers in numerous black 
shales deposited during expanded periods of ocean anoxia 
during the Phanerozoic (termed oceanic anoxic events, 
OAEs) indicate that N2-fixing cyanobacteria were the primary 
contributors of organic matter in these sediments (Chicarelli 
et al., 1993; Ohkouchi et al., 1997, 2006; Sachs & Repeta, 
1999; Kuypers et al., 2004; Junium & Arthur, 2007; Kara- 
kitsios et al, 2007; Kashiyama et al., 2008; Meyers et al., 

2009 ) . N2 fixation was presumably enhanced during Phanero- 
zoic OAEs because of the near complete removal of fixed N 



by denitrification and anammox along with increased phos- 
phate availability from preferential release of P from anoxic 
sediments (Sachs & Repeta, 1999; Kuypers et al., 2004; Juni- 
um & Arthur, 2007). Some, but not all, of these black shales 
exhibit evidence of euxinic water column conditions during 
deposition (Sinninghe Damste & Koester, 1998; Joachimski 
et al., 2001; Pancost et al., 2004). Other Phanerozoic shales 
show evidence for deposition under suboxic, or under inter- 
mittendy euxinic to suboxic conditions (e.g., Gordon et al., 
2009). The fractionations in 5^**Mo we measure during Mo 
uptake in N2-fixing cyanobacteria overlap with fractionations 
observed in modern anoxic (non-sulfidic) systems and in 
anoxic Phanerozoic sediments (Fig. 4). This correlation sug- 
gests that cyanobacteria could be an important contributor to 
this Mo isotope signal, particularly when separate lines of evi- 
dence point to a significant organic matter contribution from 
cyanobacteria fixing N2. 

ACKNOWLEDGMENTS 

The authors thank L. Wasylenki, V. Cameron, and R. Mathur 
for experimental and analytical advice, J. Kittleson for assis- 
tance with initial sample processing and ICP-MS analyses, C. 
House and J. Macalady for use of laboratory space and a light 
box and R. Walker for use of a clean lab and MC-ICP-MS 
for isotope analyses (fi^inded by NASA NNX07AM29G). 
A. Z. also thanks J. Farquhar for comments on an early version 
of the manuscript, and M. Claire for stimulating discussions. 
The manuscript was greatly improved by comments from four 
anonymous reviewers. This project was fiinded by NSF EAR 
05-19144 to S. L. B., and the manuscript was prepared while 
A. Z. was fimded by NASA-EXB (to A. Z.). 

REFERENCES 

Allen MB, Arnon DI ( 1955 ) Studies of nitrogen-fixing blue-green 

algae. I. Growth and nitrogen fixation by Anabaena cylindrim 

Lermn. Plant Physiolojjy, 30, 366-372. 
Altschul SF, Gish W, Miller W, Myers EW, Lipman DJ (1990) Basic 

local alignment search tool. Journal of Molecular Biolq/;y, 215, 

403^10. 

Anbar AD (2004) Molybdenum stable isotopes: observations, 

interpretations and directions, hi Geochemistry of Non-Traditional 
Stable Isotopes (eds Johnson CM, Beard BL, Albarede F). Muiera- 
logical Society of America, Washington, DC, pp. 429^54. 

Anbar AD, Knoll AH (2002 ) Proterozoic ocean chemistry and 
evolution: a bioinorganic bridge? Science, 297, 1137—1142. 

Anbar AD, Rouxel O (2007) Metal stable isotopes in paleoceano- 
graphy. Annual Review of Earth and Planetary Sciences, 35, 717- 
746. 

Anbar AD, Duan Y, Lyons TW, Arnold GL, Kendall B, Creaser RA, 
Kaufman AJ, Gordon GW, Scott C, Garvin J, Buick R (2007) A 
whiff of oxygen before the great oxidation event? Science, 317, 
1903-1906. 

Archer C, Vance D (2008) The isotopic signature of the global river- 
ine molybdenum flux and anoxia in the ancient oceans. Nature 
Geoscience, 1, 597-600. 



© 2010 Blackweil Publishing Ltd 



104 A. L. ZERKLE ef a/. 



Arnold GL, Aiibar AD, Barling J, Lyons TW (2004) Molybdenum 
isotope evidence for widespread anoxia in mid-proterozoic oceans. 
Science, 304, 87-90. 

Barling J, Anbar AD (2004) Molybdenum isotope fractionation 
during adsorption by manganese oxides. Earth and Planetary 
Science Letters, 217,31 5-329 . 

Barling J, Arnold GL, Anbar AD (2001) Natural mass-dependent 
variations in the isotopic composition of molybdenum. Earth and 
Planetary Science Letters, 193, 447^57. 

Bellenger JP, Wichard T, Kusd^a AB, Kraepiel AML (2008 ) Uptake of 
molybdenum and vanadium by a nitrogen-fixing soil bacterium 
using siderophores. 'Nature Geoscience, 2, 243-246. 

Brandes JA, Devol AH, Yoshinari T, Jayakumar DA, Naqvi SWA 
( 1998 ) Isotopic composition of nitrate in the central Arabian Sea 
and eastern tropical North Pacific: a tracer for mixing and nitrogen 
cycles. Limnology and Oceanq/jraphy, 43, 1680-1689. 

Brunner B, Bernasconi SM (2005 ) A revised isotope fractionation 
model for dissimilatory sulfate reduction in sulfate reducing bacte- 
ria. Geochimica et Cosmochimica Acta, 69, 4759-4771 . 

Burgess BK, Lowe DJ ( 1996) Mechanism of molybdenum 
nitrogenase. Chemical Reviews, 96, 2983-3011. 

Canfield DE, Oleson CA, Cox RP (2006) Temperature and its control 
of isotopic fractionation by sulfate-reducing bacterium. Geochimica 
et Cosmochimica Acta, 70, 548-561 . 

Capone DG, Zehr JP, Paerl HW, Bergman B, Carpenter EJ (1997) 
Trichodesmium, a globally significant marine cyanobacterium. 
S«race, 276, 1221-1229. 

Chicarelli MI, Hayes IM, Popp BN, Eckardt CB, Maxwell JR(1993) 
Carbon and nitrogen isotopic compositions of alkyl porphyrins 
from the Triassic Serpiano oil-shale. Geochimica et Cosmochimica 
^cte, 57, 1307-1311. 

Collier RW ( 1985 ) Molybdenum in the Northeast Pacific Ocean. 
Limnology and Oceanography, 30, 1351-1354. 

Comstock JP (2001 ) Steady-state isotopic fractionation in branched 
pathways using plant uptake of NO3" as an example. Planta, 214, 
220-234. 

Cypionka H, Smock AM, Bottcher ME (1998) A combined pathway 
of sulfur compound disproportionation in Desulfovibrio desulfuri- 
cans. FEMS Microbiology Letters, 166, 181-186. 

Dean DR, Jacobson MR ( 1992) Biochemical genetics of nitrogenase. 
In Biolojjical Nitrogen Fixation (eds Stacey G, Burns RH, Evans 
HJ). Chapman and Hall, New York, pp. 763-784. 

Deutsch C, Sarmiento JL, Sigman DM, Gruber N, Dunne JP (2007) 
Spatial coupling of nitrogen inputs and losses in the ocean. Nature, 
445, 163-167. 

Dilworth M ( 1967) Acetylene reduction by nitrogen-fixing prepara- 
tions from Clostridium pasteurianum. Biochimica et Biophysica 
Acte, 127,285-294. 

Dominic B, Zani S, Chen YB, Mellon MX, Zehr JP (2000) Organiza- 
tion of the nif genes of the nonheterocystous cyanobacterium 
Trichodesmium sp. IMSlOl . Journal of Phycolojfy, 36, 693-701. 

Eady RR (1996) Structure -function relationships of alternative nitro- 
genases. Chemical Review, 96, 3013-3030. 

Emerson SR, Huested SS (1991) Ocean anoxia and the concentra- 
tions of molybdenum and vanadium in seawater. Marine Chemistry, 
34, 177-196. 

Farquhar J, Johnston DT, Wing BA (2007) Implications of conserva- 
tion of mass effects on mass-dependent isotope fractionations: 
influence of network structure on sulfiir isotope phase space of 
dissimilatory sulfate reduction. Geochimica et Cosmochimica Acta, 
71,5862-5875. 

Fenske D, Gnida M, Schneider K, Meyer- Klaucke W, Schemberg J, 
Henschel V, Meyer AK, Knochel A, MuUer A (2005 ) A new type of 
metalloprotein: the Mo storage protein from Azotobacter vinelandii 



contains a polynuclear molybdenum-oxide cluster. Chembiochem, 
6,405^13. 

Frausto Da Silva JJR, Williams RJP (2001) The Biological Chemistry of 
the Elements. Oxford University Press, New York. 

Fry B (2003) Steady state models of stable isotope distributions. 
Isotopes in Environmental Health Studies, 39, 219-232. 

Glass JB, Wolfe-Simon F, Anbar AD (2009) Coevolution of metal 
availability and nitrogen assimilation in cyanobacteria and algae. 
Geobiology,! ,\m-\2Z. 

Glass JB, Wolfe-Simon F, Elser JJ, Anbar AD (2010) Molybdenum- 
nitrogen co-limitation in freshwater and coastal heterocystous cy- 
anobacteria. Limnology and Oceanography, 55, 667-676. 

Goldberg T, Archer C, Vance D, Poulton SW (2009) Mo isotope 
fractionation during adsorption to Fe (oxyhydr)oxides. Geochimica 
et Cosmochimica Acta, 73, 6502-6516. 

Gordon GW, Lyons TW, Arnold GL, Roe J, Sageman BB, Anbar AD 
(2009) When do black shales tell molybdenum isotope tales? 
G«o%T, 37, 535-538. 

Harrison AG, Thode HG (1958) Mechanism of the bacterial reduc- 
tion of sulphate from isotope fractionation studies. Transactions of 
the Faraday Society, 54, 84-92 . 

Haury JF, Spiller H ( 198 1 ) Fructose uptake and influence on growth 
of and nitrogen fixation hy Anabaena variabilis. Journal of Bacteri- 
ology,l47, 227-235. 

Hayes JM (2001 ) Fractionation of carbon and hydrogen isotopes in 
biosynthetic processes. In Stable Isotope Geochemistry (eds Valley J, 
Cole D). Mineralogical Society of American, Blacksburg, VA, 
pp. 225-277. 

HiUe R ( 1996) The mononuclear molybdenum enzymes. Chemical 
Reviejv, 96,2757-2816. 

Howard JB, Rees DC (1996) Structural basis of biological nitrogen 
fixation. Chemical Review, 96, 2965-2982. 

Joachimski MM, Ostertag-Hennig C, Pancost RD, Strauss H, Free- 
man KH, Littke R, Simiinghe Damste JS, Racki G (2001 ) Water 
column anoxia, enhanced prodiictivit)' and concomitant changes in 
5'''C and 5 ^''S across the Frasnian-Famennian boundary (Kowala- 
Holy Cross Mountains/Poland). Chemical Geology, 175, 
109-131. 

Joerger RD, Bishop PE (1988) Bacterial alternative nitrogen-fixation 
systems. CRC Critical Reviews in Microbiology, 16, 1-14. 

Johnston DT, Farquhar J, Wing BA, Kaufman A, Canfield DE, 
Habicht KS (2005) Multiple sulfur isotope fractionations in 
biological systems: a case study with sulfate reducers and sulfur 
disproportionators. American Journal of Science, 305, 645-660. 

Junium CK, Ai'tiiur MA (2007) Nitrogen cycling during the creta- 
ceous, Cenomanian-Turonian oceanic anoxic event II. Geochemistry 
Geophysics Geosystems, 8, Article no. Q03002. 

Karaldtsios V, Tsikos H, Van Breugel Y, Koletti L, Sinninghe-Damste 
JS, Jenkyns HC (2007) First evidence tor die Cenomanian-Turo- 
nian oceanic anoxic event (OAE2, 'Bonarelli' event) from the 
Ionian Zone, western continental Greece. International Journal of 
Earth Sciences, 96, 343-352. 

Kashiyama Y, Ogawa NO, Kuroda J, Sliiro M, Nomoto S, Tada R, 
Kitazato H, Olilcouclii N (2008) Diazotrophic cyanobacteria as the 
major photoautotrophs during mid-Cretaceous oceanic anoxic 
events: nitrogen and carbon isotopic evidence from sedimentary 
porphyrin. Organic Geochemistry, 39, 532-549. 

Kasting JF, Sietert JL (2001 ) The nitrogen fix. Nature, 412, 26-27. 

Kerry A, Laudenbach DE, Trick CG (1988) Influence of iron limita- 
tion and nitrogen-source on growth and siderophore production 
by cyanobacteria. Journal of Phycology, 24, 566-571. 

Kuypers MMM, Van Breugel Y, Schouten S, Erba E, Sinninghe 
Damste JS (2004) N2-fixing cyanobacteria supplied nutrient N for 
Cretaceous oceanic anoxic events. Geology, 32, 853-856. 



© 2010 BlaclaveU Publishing Ltd 



Mo isotope fractionation by cyanobacteria using nitrate and N2 105 



Liermann LJ, Guynn RL, Anbar AD, Brandey SL (2005 ) Production 
of a molybdophore during metal-targeted dissolution of silicates by 
soil bacteria. Chemical Geolq/jy, 220, 285-302. 

Masters SL, Howlett GJ, Pau RN (2005 ) The molybdate binding pro- 
tein Mop from Haemophilus influenzae- biochemical and thermo- 
dynamic characterisation. Archives of Biochemistry and Biophysics, 
439, 105-112. 

McManus J, Berelson WM, Severmann S, Poulson RL, Ham- 
mond DE, KUnldiammer GP, Holm C (2006) Molybdenum 
and uranium geochemistry in continental margin sediments: 
paleoproxy potential. Gcochimica et Cosmochimica Acta, 70, 
4643^662. 

Meyers PA, Bernasconi SM, Yum JG (2009) 20 My of nitrogen fixa- 
tion during deposition of mid-Cretaceous black shales on the De- 
merara Rise, equatorial Ariantic Ocean. Organic Geochemistry, 40, 
158-166. 

Miller RW, Eady RR ( 1988 ) Molybdenum and vanadium nitroge- 
nases of Azotobacter chroococcum. Biochemistry Journal, 256, 
429-432. 

Montoya JP, Holl CM, Zehr JP, Hansen A, Villareal TA, Capone DG 
(2004) High rates of N2 fixation by unicellular diazotrophs in the 
oligotrophic Pacific Ocean. Nature,4:30, 1027-1031. 

Morford JL, Emerson S ( 1999) The geochemistry of redox sensitive 
trace metals in sediments. Gcochimica et Cosmochimica Acta, 63, 
1735-1750. 

Moura IJG, Brondino CD, Trincao J, Romao MJ (2004) Mo and W 
bis-MGD enzymes: nitrate reductases and formate dehydrogenases. 
Journal of Biological Inorganic Chemistry, 9, 791-799. 

Niigler TF, Mills MM, Siebert C (2004) Biological fractionation of 
Mo isotopes during N2 fixation by Trichodesmium sp. IMS 101. 
Gcochimica et Cosmochimica Acta, 68, A364. 

Niigler TF, Siebert C, Luschen H, Bottcher ME (2005) Sedimentary 
Mo isotope record across the Holocene fresh- bracldsh water transi- 
tion of the Black Sea. Chemical Geology, 219,283-295. 

Nalcagawa Y, Firdaus ML, Norisuye K, Sohrin K, Irisawa K, Hirata T 

(2008) Precise Mo isotopic analysis of Pacific and Antarctic seawa- 
ter. Gcochimica et Cosmochimica Acta, 72, A670 . 

Ohkouchi N, Kawamura K, Wada E, Taira A (1997) High abundances 
of hopanols and hopanoic acids in Cretaceous black shales. Ancient 
Biomolecules, 1, 183-192. 

Ohkouchi N, Kashiyama Y, Kuroda J, Ogawa NO, Kitazato H (2006) 
The importance of diazotrophic cyanobacteria as primary producers 
during Cretaceous Oceanic Anoxic Event 2. Biogeosciences, 3, 467- 
478. 

Pancost RD, Crawford N, Magness S, Turner A, Jenlc^'ns H, Maxwell 
JR (2004) Further evidence for the development of photic-zone eu- 
xinic conditions during Mesozoic oceanic anoxic events. Geological 
Society (London) Journal, 161, 353-364. 

Pienkos PT, Brill WJ (1981) Molybdenum accumulation and storage 
in Klebsiella pneumonia e and Azotobacter vinelandii. Journal of 
Bacteriology, 145, 743-751. 

Pietruszka A, Walker RJ, Candela P (2006) Determination of mass- 
dependent molybdenum isotopic variations by MC-ICP-MS: an 
evaluation of matrix effects. Chemical Geology, 22S, 121-136. 

Poulson Bnicker RL, McManus J, Severmann S, Berelson WM 

(2009) Molybdenum beha^or during early diagenesis: insights 
from Mo isotopes. Geochemistry Geophysics Geosystems, 10, Article 
no. Q06010. 

Poulson RL, Siebert C, McManus J, Berelson WM (2006) Authigenic 
molybdenum isotope signatures in marine sediments. Geology, 34, 
617-620. 

Raymond J, Siefert JL, Staples CR, Blankenship RE (2004) The 
natural history of nitrogen fixation. Molecular Biology and 
Evolution, 21, 541-554. 



Rees CE (1973) Steady-state model for sulfiir isotope fractionation in 
bacterial reduction processes. Gcochimica et Cosmochimica Acta, 
37,1141-1162. 

Reitz A, Wille M, Niigler TF, De Lange GJ (2007) Atypical Mo iso- 
tope signatures in eastern Mediterranean sapropels. Chemical Geol- 
ogy,245, 1-8. 

Sachs JP, Repeta DJ (1999) Oligotrophy and nitrogen fixation during 
eastern Mediterranean sapropel events. Science, 286, 2485-2488. 

Saitou N, Nei M ( 1987) The neighbor-joining metliod: a new 
method for reconstructing phylogenetic trees. Molecular Biology 
and Evolution, 4, 406^25 . 

Scheiderich K, Helz GR, Walker RJ (2010) Century-long record of 
Mo isotopic composition in sediments of a seasonally anoxic estuary 
(Chesapeake Bay). Earth and Planetary Science Letters, 289, 189- 
197. 

Schemberg J, Schneider K, Demmer U, Wai'kentin E, MuUer A, Erm- 
ler U (2007) Towards biological supramoleculai' chemistiy: a vari- 
ety of pocket-templated, individual metal oxide cluster nucleations 
in the cavity of a Mo/W-storage protein. Angewandte Chemie- 
International Edition, 46, 2408-2413. 

Schemberg J, Schneider K, Fenske D, Muller A (2008 ) Azotobacter 
vinelandii metal storage protein: "Classical" inorganic chemistry 
involved in Mo/W uptake and release processes. Chembiochem, 9, 
595-602. 

Schollliorn R, Burris RH (1967) Acetj'lene as a competitive inliibitor 
of N2 fixation. Proceedings of the National Academy of Sciences of 
the United States of America, 58, 213-216. 

Schiittelkopf AW, Boxer DH, Hunter WN (2003) Crystal structure of 
activated ModE reveals conformational changes invoKdng both 
oxyanion and DNA-binding domains. /o!<r»fl/ of Molecular Biology, 
326, 761-767. 

Schwarz R, Dayhoff M (1979) Matrices for detecting distant relation- 
sliips. In Atlas of Protein Sequences(ed Dayhoff M). National Bio- 
medical Research Foundation, Silver Spring, MD, pp. 353-358. 

Scott C, Lyons TW, Beklcer A, Shen Y, Poulton SW, Chu X, Anbar 
AD (2008) Tracing the stepwise oxygenation of the Proterozoic 
ocean. Nature, 452, 456-460. 

Siebert C, Niigler TF, Kramers JD (2001 ) Determination of molybde- 
num isotope fractionation by double-spike multicoUector induc- 
tively coupled plasma mass spectrometry. Geochemistry Geophysics 
Geosystems, 2. 

Siebert C, Niigler TF, Von Blanckenburg F, Kramers JD (2003) 
Molybdenum isotope records as a potential new proxy for 
paleoceanography. Earth and Planetary Science Letters, 211, 
159-171. 

Siebert C, McManus J, Bice A, Poulson RL, Berelson WM (2006) 
Molybdenum isotope signatures in continental margin marine sedi- 
ments. Eai'th and Planetary Science Letters, 241, 723-733. 

Sinninghe Damste JS, Koester J ( 1998) A euxinic southern North 
Adantic Ocean during the Cenomanian Turonian oceanic anoxic 
event. Earth and Planetary Science Letters, 158, 165-173. 

Tamura K, Dudley J, Nei M, Kumar S (2007) MEGA4: molecular 
evolutionar)' genetics analysis (MEGA) software version 4.0. 
Molecular Biology and Evolution, 24, 1596-1599. 

Thiel T (1993) Characterization of genes for an alternative nitroge- 
nase in the cyanobacterium Anabaena variabilis. Journal of 
Bacteriology, 175, 6276-6286. 

Tliiel T, Pratte B (2001) Eftect on heterocyst differentiation of nitro- 
gen fixation in vegetative cells of the cyanobacterium Anabaena 
variabilis ATCC 29413 . Journal of Bacteriology, 183, 280-286. 

Tliiel T, Lyons EM, Erker JC, Ernst A ( 1995 ) A 2nd nitrogenase in 
vegetative cells of a heterocyst- forming cyanobacterium. Proceed- 
ings of the National Academy of Sciences of the United States of 
America, 92, 9358-9362. 



© 2010 Blackwell Publishing Ltd 



106 A. L. ZERKLE ei a/. 



Thiel T, Lyons EM, Erker JC ( 1997) Characterization of genes for a 
second Mo-depenctent nitrogenase in tlie cyanobacterium Anabae- 
navariabilis. Journal of Bacteriology, 179, 5222-5225. 

Thiel T, Pratte B, Zahalak M (2002) Transport of molybdate in the 
cyanobacterium Anabaena variabilis KICC 29413. Archives of 
Microbiology, 179, 50-56. 

Tomitani A, Knoll AH, Cavanaugh CM, Ohno T (2006) The evolu- 
tionary' diversification of cyanobacteria: molecular-phylogenetic 
and paleontoiogical perspectives. Proceedings of the National Acad- 
emy of Sciences, 103, 5442-5447. 

Tossel JA (2005) Calculating tlie partitioning of tlie isotopes of Mo 
between oxic and sulfidic species in aqueous solutions. Geochimica 
et Cosmochimica Acta, 69, 2981-2993. 

Tovar-Sancliez A, Sanudo-Wiihelmy SA, Garcia-Vargas M, Weaver 
RS, Popeis LC, Hutcliins DA (2003) A trace metal clean reagent to 
remove surface-bound iron from marine piiytoplankton. Marine 
Chemistry, S2, 9 1-99. 

Tribovillard N, Riboulleau A, Lyons TW, Baudin F (2004) Enhanced 
trapping of molybdenum by suifiirized marine organic matter of 
maiine origin in Mesozoic limestones and shales. Chemical Geoloj^y, 
213,385-401. 

Tuit C, Waterbury JB, Ravizza G (2004) Diel variation of molybde- 
num and iron in marine diazotrophic cyanobacteria. Limnology and 
Oceanography, 49, 978-990. 

Wagner UG, Stupperich E, Kraricy C (2000) Structure of the molyb- 
date/tungstate binding protein Mop front Sporomusa ovata. 
Structure, 8, 1127-1136. 

Wasylenki LE, Anbar AD, Gordon GW (2006) Temperature depen- 
dence of Mo isotope fractionation during adsorption to delta- 
Mn02: implications for the paleoredox proxy. Geochimica et 
Cosmochimica Acta, 70, A691 . 

Wasylenki LE, Anbar AD, Liermann LJ, Mathur R, Gordon GW, 
Brantley SL (2007) Isotope fractionation during microbial metal 
uptalce measured by MC-ICP-MS. Journal of Analytical Atomic 
Spectrometery, 22, 905-910. 

Wasylenki LE, Roife BA, Weeks CL, Spiro TG, Anbar AD (2008) 
Experimental investigation of tlie effects of temperature and 
ionic sti'engdi on Mo isotope fractionation during adsorption to 
manganese oxides. Geochimica et Cosmochimica Acta, 72, 
5997-6005. 

Young JPW ( 1992) Pliylogenetic classification of nitrogen-fixing 
organisms. In Biological Nitrogen Fixation (eds Stacey G, Burris 
RH, Evans HJ), Chapman and Hall, Roudedge, pp. 43-86. 

Zaliaiak M, Pratte B, Werth KJ, Thiel T (2004) Molybdate 
transport and its eflect on nitrogen utilization in the cyano- 



bacterium Anabaena variabilis KICC 29413. Molecular Micro- 
biology, 51, 539-549. 

Zehr JP, Turner PJ (2001) Nitrogen fixation: nitrogenase genes and 
gene expression. In Methods in Microbiolo£fy, Vol 30 (ed Paul J). Aca- 
demic Press Inc., San Diego, CA, pp. 271-286. 

Zehr JP, Carpenter EJ, Villareal TA(2000) New perspectives on 
nitrogen-fixing microorganisms in tropical and subtropical oceans. 
Trends in Microbiolo£fy, 8, 68-73. 

Zehr JP, Waterbury JB, Turner PJ, Montoya JP, Omoregie E, Steward 
GF, Hansen A, Karl DM (2001) Unicellular cyanobacteria fix N2 in 
the subtropical Nortli Pacific Ocean. Nature, 412, 635-638. 

Zerkle AL, House CH, Cox RP, Canfield DE (2006) Metal limitation 
of cyanobacteria! N2 fixation and implications for tlie Precambrian 
nitrogen cycle. Geohiolojjy, 4, 285-297. 

Zerkle AL, Junium CK, Canfield DE, House CH (2008) Production 
of '^N-depleted biomass during cyanobacterial N2-fixation at high 
Fe concentrations. Journal of Geophysical Research: Biojjeosciences, 
113,G03014. 

Zhang Y, Gladyshev VN (2008) Molybdoproteomes and evolution 
of molybdenum utilizaxion. Journal of Molecular Biolojfy, 379, 
881-899. 

SUPPORTING INFORMATION 

Additional Supporting Information may be found in the 
online version of this article: 

DataSI. Reaction network model. 

Figure SI. Alignment length comparisons of blast hits to Anabaena variabilis 
ModBC. Species name and locus tag for each homolog are specified. The only 
proteins that align along the full length of ModBC from A. variabilis are other 
cyanobacterial protein sequences; homologous open reading frames from other 
species align with either the ModB or ModC fraction. 

Table S1. ModA sequences included in alignment Accession number is for 
the ModA ortholog in each species. % l/S: % identity to ModA from 
A. variabilisVo similarity to ModA from A. variabilis. References are given for 
those ModA proteins that have been genetically, biochemically or structurally 
characterized. 

Please note: Wiley-Blackwell are not responsible for the con- 
tent or functionality of any supporting materials supplied by 
the authors. Any queries (other than missing material) should 
be directed to the corresponding autlior for the article. 



© 2010 Biaclcweli Publishing Ltd 



